Abstract-Using a DC pulsed plasma for polymer surface treatment allows to obtain macroscopic modifications of the surface such as an important increase of the wettability i.e., reduction in hydrophobicity. In the same time, it yields microscopic variations of the surface structure that are mainly due to low depth chemical modifications even if only weak roughness changes appear. As a consequence this technique presents two major interests: an economical interest because of the low power consumption compared to other techniques like radio-frequency or microwave plasmas, and a non-invasive interest: very significant macroscopic treatment realized in soft conditions without degradation of the polymer. Applications are numerous: glue and painting production, health industry, aeronautics, wood industry, textile industry.
I. Introduction
Improving the surface properties of polymers using a DC pulsed glow discharge in reactive gases is of great interest for industrial applications (e.g. glue, painting). This non polluting technique yields nice surface modifications such as an increase of wettability i.e., the ability to get wet [1] . The adhesion mechanisms are then improved even if the adhesion is not realized with water but more often with an epoxy adhesive. The very low energy cost of this treatment method is remarkable. Since the duration of the discharge corresponding to one DC pulse is one hundred times lower than the time period between two DC pulses, polymer samples are mainly exposed to a temporal afterglow which emphasizes the important role of long-live reactive species generated in the plasma [2] . In nitrogen and oxygen plasmas, metastable species present enough energy to activate and functionalize the polystyrene chains which present bond energies in the range 2.5 to 5eV. It is well-known that plasma treatments induce four important phenomena on polymers:
• cleaning is of high importance to improve bonding. It consists in removing layers of organic contaminants present on the surface in the [10 -100Å] thickness range. For plasma treatments with an injected power of several mW/cm 2 the polymer has to be exposed several seconds to obtain sufficient cleaning and an increase of adhesion [3] .
• etching allows the removal of a bigger quantity of matter compared to cleaning. But this ablation process may end in the degradation of the polymer.
• cross-linking of the surface is realized by the formation of free radicals by the plasma phase. It is usually obtained in inert gases. As a consequence no new functionality appears on the surface.
• functionalization consists in the formation on the surface of new chemical functions in a depth typically of several hundredsÅngströms, without affecting the bulk properties [4] . By using reactive gases in the plasma like nitrogen or oxygen, the surface becomes more polar with the production of hydroxyl, alcohol, ether, carbonyl, carboxyl, amide and amine functions. This paper is devoted to the analysis of macroscopic and microscopic modifications obtained on atactic polystyrene thin films by using DC pulsed nitrogen or oxygen plasmas. The thin film surface is analyzed by several ways:
• macroscopic study of the wettability through the measurement of water drop contact angles by an image processing technique, • comparison with microscopic results from X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM). There are very few works using image analysis for the characterization of polymer surfaces treated by plasma. In [5] a commercial image analysis software (Semper+) is used for measuring drop areas to characterize textiles treated by plasma, whereas [6] developed a dedicated image processing algorithm based on a water drop shape model to analyse flat polymeric insulator surfaces.
In the first part of the paper, the experimental set-up is described as regards both the test conditions of polystyrene treatment and the computer vision system (from software and hardware point of view) for contact angle measure.
In the second part, results are shown and interpreted. The final discussion opens the way towards a better understanding of the interaction mechanisms between the polymer and the DC pulsed plasma.
II. Experimental Set-up

A. Preparation of polymer thin films
Atactic polystyrene pellets are dissolved in toluene at room temperature. Some drops of this solution are deposited on glass slides (area: 6 cm 2 ) cleaned beforehand with toluene and dried with acetone. These slides are stored in a dessicator, in which the evaporation of solvent is carried out under controlled atmosphere, in order to obtain homogeneous polystyrene films with an approximate thickness of 10 µm. Experimental set-up for plasma treatment of atactic polystyrene.
B. Technical set-up
The plasma reactor consists of two stainless-steel plane electrodes (diameter: 10 cm) inside a stainless-steel chamber that is pumped down to 5.10 −3 mbar before each treatment. The running pressure is p = 4 mbar in nitrogen or oxygen (purity 99.99 %). One electrode is grounded and the other is negatively polarized using a high power DC pulsed generator. Two resistors are used in the electrical circuit: a load resistor R L = 200Ω required for high voltage power supply and a measurement resistor R m = 50Ω. The duty cycle C = w/T is set to 1 %, where T is the pulsed voltage period, and w is the pulse width i.e. the glow duration time.
C. Electrical discharge conditions
With these experimental conditions, a plasma corresponding to the abnormal glow discharge is generated between the two plane electrodes during each pulse. Discharge current and voltage waveforms are recorded via an oscilloscope (bandwidth of 300 MHz and acquisition rate of 2.5 GS/s). The total treatment duration time t is controlled by a lab-made oscillator counter. From anode to cathode, the abnormal glow discharge consists of a positive column (close to anode), a Faraday dark space and a negative glow (close to cathode). For each treatment, the polystyrene thin film is placed either on the anode or on the cathode.
The average power value is fixed at P = 6W , and the characteristic surface for the discharge is of about 67 cm 2 . Therefore the power level injected in the discharge is approximately of 90mW/cm 2 which is highly sufficient to obtain cleaning of the surface and doubtless etching, crosslinking and functionalization. Since the power remains constant during treatments, results are presented as a function of the treatment duration time t which is proportional to the energy injected into the plasma : E = P × t .
It should be mentioned that the effective time of plasma "ON" is one hundred times smaller than the treatment duration time because of the very low duty cycle: t = N T = N (w + t of f ) = t eg + t eag , where N is the number of pulses injected into the plasma, w and t of f are respectively the glow and afterglow duration times, t eg and t eag are respectively the effective glow and afterglow duration times.
D. Contact angle measurement
The treatment is characterized by measuring the contact angle of a deionized water drop on the polystyrene surface ( Fig. 2) . Measurement is made immediately after treatment (delay lower than 5 min). Four drops are deposited at various places on a given polymer surface with a syringe (volume of 5 µl) in order to obtain an averaged value of the contact angle. The results of wettability are given by the relative variation of the contact angle:
where θ i and θ f are respectively the initial and final contact angles (each one being an average value of four angles).
The initial contact angle is typically θ i ∼ = 85˚(water drop almost spherical before treatment). 
III. Image Processing System
An image processing technique is used to measure precisely the contact angle. A grey-level image I(x, y) of the drop deposited on the polymer is acquired with a video camera (ITM-M-SC Intertec components, miniature video camera: 260 lines). Fig. 3 shows the user interface with a typical drop image and the extracted contours. The contour detection processing consists in the following steps:
• First, the spatial (respectively vertical and horizontal) partial derivatives ∂I/∂x and ∂I/∂y are estimated using an exponential derivation filter applied respectively on lines and columns [7] . Contour detection often uses a smoothing of the image in one direction followed by a derivation in the other direction, in order to reduce noise. Here the discrete impulse response of the smoothing filter is given by:
where α is a smoothing real and positive parameter (typ. α = 0.5) and c = α 2 is a normalizing factor (for unitary step response). The impulse response of the derivation filter is the derivative of the impulse reponse of the smoothing filter, which may be written as a sum of a causal and an anti-causal term:
This leads naturally to a parallel implementation. The recursion equations for cascade implementation are given by:
They are applied on lines and columns respectively to get the two spatial derivatives.
• Secondly, the modulus of the spatial gradient (∂I/∂x) 2 + (∂I/∂y) 2 is computed ( Fig. 4b ) and then thresholded by using an entropic approach as described in [8] . The threshold is taken as:
H where H is the entropy of observations (here the gradient modulus) and κ is a proportionality factor (typ. κ = 20 for edge detection). It yields a binary map showing the detected contours (points in black on Fig. 4c ).
• Then the binary contour tracker of Rosenfeld and Kak [9] is run to extract the set of connected pixels forming the exact frontier of the drop: we get a vector containing the indices of the contour points (chain-list), with their x-and y-coordinates. Note that for initialization of the contour tracker, the position of a starting point should be taken near or inside the drop area (automatic or manual positioning).
• From this list, the triple points corresponding to x max and x min are easily extracted and the tangents to the drop at those two points are estimated by a least-squares algorithm taking into account N neighboring points (typ. N = 50) such that y < y(x max ) and y < y(x min ). Indeed, the origin of the image is classically taken in the upper-left corner. The base-line joining the two triple points is also automatically extracted and plotted (Fig. 4d ).
• Finally, the angle is measured as the average value of the two angles on both sides of the drop (Fig. 4e) .
This processing is iterated on a batch of drop images, without any further interaction with the end-user: default parameter values are set once and for all at the beginning of the process.
Worth noticing is the fact that the measurement process is entirely automatic and the precision achieved by this image processing technique is better than 1.5˚(far below the total measurement error which is of about 5˚, due to the acquisition system: bad manual focusing). Moreover, this reliable method for measuring contact angles is very low cost. For comparison purpose, the total measurement error was almost of 10˚with former manual estimation (projection of the image on a white screen and use of a protractor) and it was highly dependent on the user ability. The image processing software was developed in C/C++ with the GTK graphical library. The application is portable both under Windows and Linux system. A setup program is furnished to the client user for installation of the stand-alone executable version on a PC.
IV. Experimental Results
A. Macroscopic analysis: wettability changes
The effect of plasma treatment duration time t has been studied in nitrogen when thin films are deposited close to the negative glow or the positive column. Results are presented in Fig. 5a where a well-known behaviour is observed: the wettability of the surface increases as a function of t to reach a plateau after ≈ 20 seconds, where the contact angle relative variation ∆θ/θ gets close to 0.7.
Moreover a shoulder appears on the curves, that depends on the position of the polymer in the glow discharge. When the polymer is placed close to the positive column the amplitude of the shoulder is weak and it is obtained for t = 6s. When the polymer is placed close to the negative glow the shoulder is obtained for t = 10s. This shoulder on the contact angle curve has already been observed in plane to plane and point to plane electrode configurations. Particularly remarkable, this phenomenon indicates a partial hydrophobic recovery of the surface during plasma processing.
This shoulder phenomenon also depends on the nature of the gas used in the plasma (nitrogen or oxygen). Fig. 5b shows the contact angle relative variation in oxygen. At t = 6s, weak shoulders can be observed on the curves whatever the polymer position is. The amplitude of these shoulders is very low compared to the treatments performed in nitrogen. To summarize the conditions for which a wettability shoulder is observed, it can be stated that the amplitude of this phenomenon is mainly depending on the gas nature (higher in nitrogen than in oxygen) but also on the position (higher when the polymer is deposited close to the negative glow rather than to the positive column).
Moreover the temporal position of this shoulder seems to be earlier (≈ 6s) both in oxygen and nitrogen plasma when the polymer is placed close to the positive column of the glow discharge. It seems to take place latter (≈ 10s) in nitrogen plasma when the polymer is placed close to the negative glow.
Nevertheless and whatever the gas used, this shoulder appears for a treatment duration time in the range 6 to 10s. This treatment duration time seems to be characteristic of the surface state: we will denote it t c in the following.
B. Comparison with Microscopic analyses
B.1 X-ray Photoelectron Spectroscopy: Chemical Changes XPS spectra were recorded using a spectrometer delivering a monochromatic X-ray (1486.6 eV) used for excitation. The binding energies were determined by quantitative analyses, using the C 1s binding energy of contamination carbon (284.6 eV) as the reference, with an experimental error of ±0.2 eV.
Before treatment, polystyrene films were analyzed to know the initial chemical structure of the surface. The polymer surface is only composed of carbon ( Fig. 6 ): the main peak (1) at 284.6eV corresponds to the aliphatic and aromatic carbon and the shake-up peak (6) at 291.2eV is characteristic of the aromaticity of the polystyrene. After treatment with nitrogen or oxygen plasma, new peaks of weak intensities are observed that correspond to new surface functionalities due to plasma exposure: amine C-N (2), C-O (3), carbonyl C=O (4) and carboxyl O-C=O (5). Fig. 7 shows quantitative results. The nitrogen plasma introduces on the surface more oxygen bonds than nitrogen bonds: the N/C atomic ratio increases very slowly towards a weak value of 0.05, whereas the evolution of the O/C atomic ratio is noticeable. This well-known result [4] may be attributed to residual oxygen and water vapour contained in the reactor during the treatment or to reactions with oxygen during the sample exposure to atmosphere. When the polymer is deposited close to the negative glow, the O/C ratio increases in the [0.1-0.15] range during the first 10 sec of treatment to reach a final value of 0.2. When it is deposited close to the positive column the O/C ratio is close to 0.2 over the whole treatment duration time range.
As regards results with oxygen plasma, O/C atomic ratio curves evolve similarly as with nitrogen, but towards a higher limit of about 0.3.
Finally, whatever the gas used and the position of the polymer, it is observed that in the wettability shoulder time interval [6-10s] , numerous weak shoulders appear in the O/C and N/C composition ratios.
B.2 Atomic Force Microscopy: Morphological Changes
We imaged polystyrene samples in ambient conditions using a commercial AFM head. The surface is characterized by the measure of its root-mean squared roughness Rms, that is estimated over the whole image sample (dimension 5 × 5µm). This measurement gives the signature of morphological modifications of the surface occurring with plasma treatment. Images were recorded in different zones in order to be representative of the total sample surface state. Fig. 8 shows the Rms variations and the atomic ratio O/C of oxygen grafted on the surface as a function of t (treatment in nitrogen, thin film on cathode). The untreated polymer in initial state presents a very smooth surface with Rms = 6Å.
It can be observed that in the wettability shoulder time interval [6s-10s], a decrease of Rms corresponding to a smoother surface occurs for t 0 = 8s. Afterwards, the roughness value increases slowly but never exceeds Rms max = 50Å which still corresponds to a smooth surface after plasma treatment. The morphological modifications due to the plasma are thus limited to the extreme surface in several 10Å in depth. Consequently we make the following statement: the plasma mean effect on the polymer is chemical and not physical. The important improvement of wettability may thus be explained by surface grafting of numerous oxygenated polar functions even if the gas used for the treatment is nitrogen.
Moreover the polymer surface smoothness at t 0 is more important for treatment in nitrogen plasma close to the negative glow which may be correlated to the higher wettability shoulder in the same conditions. At t 0 = 8s one obtains an atomic ratio O/C of nearly 0.1. According to these results it can be suggested that the weak loss of roughness within the wettability shoulder time interval obtained at t 0 is due to the removing of matter on the extreme surface.
V. Correlation between macroscopic and microscopic analyses: Interpretation
The polystyrene surface main modification due to the plasma is macroscopic and corresponds to a significant improvement of wettability. In the same time microscopic surface changes are weak and occur on the first macromolecular layers of the polymer (typical depth of several tens to several hundreds ofÅngströms, cf. AFM and XPS analyses [4] ).
Recalling the four important phenomena that a plasma realizes on polymer (section I), a macroscopic explanation may be given concerning the interaction between the polystyrene surface and the DC pulsed plasma. First, it can be suggested that in our experimental conditions, the surface etching is negligible since the roughness measures stay always below 50Å, which corresponds to a smooth surface. Secondly, since the gases used for treatment (nitrogen or oxygen) are not inert gases like argon or helium, the cross-linking (by activated species of inert gases) may also be neglected.
Thirdly, according to the curve of wettability (Fig. 5 ) the shoulder appears for the characteristic treatment duration time t c ≈ 8s. In the [0, t c ] time interval, the plasma creates numerous reactive species which collide with the surface and have enough energy to break and react with the covalent bonds of the polystyrene. They weaken the surface and realize rapidly the surface cleaning. Recall here that the effective glow discharge time is equal to: t eg = C × t c . Thus during this first rapid treatment stage, the cleaning consists in removing layers of organic contaminants which are in the same time oxidized. The hypothesis of a cleaning stage in the treatment is coherent with the literature [3] . The [10-100Å] thickness range of known cleaning effect is in agreement with our results: the Rms never exceeds 50 A . Moreover the power level of 90mW/cm 2 injected in the discharge is widely sufficient to remove the organic contaminants: usually for plasma treatments with power injected of several mW/cm 2 the polymer has to be exposed many seconds to obtain sufficient cleaning. With our treatment, the power level is nearly a hundred times higher than in the literature but the effective treatment duration times are nearly a hundred times lower (duty cycle of 1%).
At treatment time t c it can be supposed that the surface is in a new initial state and the treatment corresponding mainly to the surface functionalization begins: the time interval [t c , 60s] concerns the improvement of the macroscopic surface properties and is the second stage of treatment. In the same time, we could suppose a slow etching of the surface because of the weak increase of roughness.
To sum up, this characteristic treatment time t c seems to be the necessary time to remove all the organic and oxidized contaminants of the surface. This time depends on the plasma conditions which correspond to the energy levels injected in the gas.
VI. Conclusion
A macroscopic interpretation of the polystyrene treatment by a DC pulsed plasma has been described in this paper. The treatment consists in two main stages: the cleaning of the surface and its functionalization. The macroscopic characterization of the polystyrene surface (wettability curves) was carried out thanks to an automatic imaging system that yields robust and fast measurements of contact angles of water drops deposited on the polymer.
Using a DC pulsed plasma with very low duty cycle for polymer surface treatment presents a big interest. Economically the effective glow discharge duration time is one hundred times lower than with usual techniques. Moreover the industrial applications like the improvement of the adhesion may be obtained in soft conditions without degradation of the polymer. Note that nowadays, the same kind of treatment may be carried out for industrial purpose at atmospheric pressure, which eliminates a strong drawback and opens the field to a wide range of new low-cost applications, either in medicine (for contact lenses, pace-makers, sterilization), in aeronautics (for materials like titane), or in wood and cotton industry (treatment against mouldiness, hydrophobicity).
